Based on the achievements of solar solid adsorption refrigeration research, a new hybrid heating and cooling system, related to the solar water heater technique, has been proposed. The conversion and utilization of solar energy for cooling and heating are also analyzed. Experiments on a prototype have shown that both the available (residual) and adsorption heats of the adsorbent bed can be recovered efficiently and simply. The results of some simulations of this new flat plate under real solar radiation are given, as well as comparisons with our previous research work. The successful design and assessment of this new flat plate hybrid system should accelerate the practical application of solid adsorption refrigeration driven by solar energy.
INTRODUCTION
The energy crisis and sustainable development have led to the need for the good use of renewable energy. Solar cooling is one of the outstanding methods that have been studied, being referred to as green refrigeration and reported upon by many research workers. Such studies include work on the design, construction and testing of a solar-powered solid adsorption refrigerator (Iloeje 1985) , the design of an experimental solar-powered solid adsorption ice maker (Pons and Guilleminot 1986) , work on the performance limitations of adsorption cycles for solar cooling (Critoph 1988) , studies of a charcoal-methanol adsorption refrigerator powered by a compound parabolic concentrating solar collector (Headley et al. 1994) and work on an adsorptive solarpowered ice-maker both from the model and experimental viewpoint (Boubakri et al. 2000) . Such research achievements appear to make solar refrigeration an attractive possibility, but the practical application of solar cooling has turned out differently from many expectations. The high cost and stability of solar cooling systems appear to be the main reasons that have impeded the development of solar refrigeration as a common practical application to date.
On the other hand, the techniques required for solar water heaters are somewhat different from those necessary for solar cooling systems. Indeed from the viewpoint of energy utilization, the traditional solar solid adsorption refrigerator would appear to be unreasonable. Since the adsorbent bed must accept solar radiation during the day in order to desorb the refrigerant and must release the available heat from both the adsorbent and the metal during the night in order to adsorb the refrigerant, the adsorption heat in the adsorbing process must be released efficiently if good refrigeration conditions are to be maintained. Hence, the search for a new reasonable cyclical 487 *Author to whom all correspondence should be addressed. E-mail: lmdocyn@public.km.yn.cn. method in which the solar irradiation energy and the adsorption heat can be effectively utilized both during the day and night is very important.
After many experiments and much theoretical analysis of the requirements for a solar solid adsorption refrigerator, a new flat plate solar heating and cooling hybrid system has been proposed and an experimental prototype device constructed. Using this new device, a traditional flat plate solar water heater collector was installed in the middle of the adsorbent layer to recover both the adsorbent heat and adsorption heat to produce hot water for domestic use. At the same time, it was found that the use of water to cool the adsorbent bed improved the refrigeration effect during the adsorption process. Experiments have shown that this new hybrid system can be operated in a simple manner and generate ice efficiently.
A similar hybrid heating and cooling system was developed by our research group (Wang et al. 2000) . Solar vacuum tubes were used in this device to heat the water in the tank in which the adsorbent bed was placed, the water in the tank being available for domestic use during the night. At the same time, the available heat of the adsorbent bed and the heat of adsorption could be recovered to heat the water in the system. However, it was found that unless a large number of solar vacuum tubes were incorporated (thereby adding to the cost of the operation), solar irradiation seemed to lack sufficient power to allow effective desorption of the refrigerant by the adsorbent during the heating process. For this reason, based on an experimental prototype, we have developed a new flat plate heating and cooling hybrid system. Details regarding the adsorbent bed, condenser and evaporator in this new flat plate hybrid system have been given elsewhere (Li et al. 2002) . In this paper, we will focus our attention on an analysis of energy conversion and utilization by this new device and its performance. Figure 1 shows the schematic layout of the flat plate solar heating and cooling hybrid system. The system consists of combined adsorbent bed (9), evaporator (2), condenser (6), water tanks (12, 14), reservoir (4), valves, etc. The key part of the system is the combined adsorbent bed, constructed from an aluminium plate box, in which the adsorbent (activated carbon) is placed, covered with a selective coating on its top surface and placed behind a single sheet of glass in an insulating case. In addition to these parts, a traditional flat plate collector of a solar water heater is inserted into the middle of the adsorbent layer to receive both the available heat during the cooling process and the adsorption heat during the adsorption process. The recovered heat can be used for heating the water in tank 12.
WORKING PRINCIPLE OF THE NEW FLAT PLATE HYBRID SYSTEM
A schematic layout of the combined adsorbent bed is shown in Figure 2 . The working principle of this hybrid system may be described as follows. During a sunny day, the combined adsorbent bed (9) receives solar radiation energy which causes the temperature of the adsorbent to rise. Over this stage of the process, water valve 11 and vacuum valve 7 are closed. As the temperature of the adsorbent rises from T a2 to the desorption temperature T g1 , valves 7 and 21 are opened (while valve 3 remains closed) and the adsorbent begins to desorb the refrigerant. The desorbed refrigerant vapour condenses to the liquid in the condenser (6), which is immersed in water tank 5 to obtain efficient condensation, and collected in the reservoir (4) from whence it flows into the evaporator (2) through the throttling valve 21. This process continues until the temperature of the adsorbent reaches that for maximum desorption (T g2 ). In the evening, valves 7 and 21 are closed and water valve 11 is open. During this period, the solar flat plate collector immersed in the middle of the adsorbent layer recovers the available heat of the adsorbent effectively to the water tank. This causes the temperature of the water in tank 12 to rise. After this time period, the adsorbent is cooled Figure 1 . Sketch of the new flat plate solar heating and cooling hybrid system: 1, ice box; 2, evaporator; 3 and 7, vacuum valves; 4, reservoir; 5, condensation box; 6, condenser; 8, adsorption bed insulator; 9, combined adsorber bed; 10, glass cover; 11, 13, 15, 16, 19 and 20, water valves; 12, top water tank; 14, connecting water tank; 17, bottom water tank; 18, support frame; 21, throttling valve or capillary.
Figure 2.
Sketch of combined adsorbent bed: 1, front plate; 2, solar collector; 3, fins; 4, metallic grid plate; 5, vapour transfer pipe; 6, cross-bars; 7, main plate (represented as removed); 8, adsorbent (activated carbon). down efficiently due to the cooling effect of the water and the water in tank 12 is correspondingly heated. When the temperature of the water in tank 12 reaches a particular value, say 50°C, water valve 16 is opened allowing the water in tank 12 to flow into water tank 17 for domestic use. Valve 16 is then closed. If water valve 13 is open, the water will again flow into water tank 12, thereby allowing the adsorbent bed to cool once more. When the temperature of adsorbent reaches a value of T a1 and the refrigerant pressure in the adsorbent bed reaches the evaporating pressure, valves 3 and 7 are opened and the adsorbent begins to adsorb the refrigerant from the evaporator (2). The cooling effect arises from evaporation of the refrigerant, with ice being formed in the insulated water box (1). At the end of adsorption, the temperature of the adsorbent reaches T a1 . During the adsorption process, the solar flat plate collector situated in the middle of the adsorbent recovers the adsorption heat released by the latter. This causes the temperature of the water in tank 12 to increase once more, again allowing hot water to be transferred to water tank 17 for use. With this method, there is no need to include a damper in the adsorbent bed as mentioned by Pons and Guilleminot (1986) . In addition, the method of operation is very simple with the available heat and adsorption heat released by adsorbent being recovered into water tank 12 for use. Figure 3 shows the ideal adsorption refrigeration cycle employing a P-T-x diagram for the working pair. The line on the left-hand side of the diagram is the saturated vapour pressure curve for methanol, the middle line represents the isosteric for the concentrated state, while the righthand line represents the isosteric for the diluted state.
ANALYSIS OF THE PERFORMANCE OF THE HYBRID SYSTEM
To analyze the performance of the solar flat plate hybrid system, it is necessary to analyze a number of energy quantities separately. This is undertaken below. 
Energy analysis of solar heating
For a solar flat plate hybrid system, the incident solar flux will be distributed into two parts. One part, Q u , is the energy required to heat the combined adsorbent bed efficiently; the second part, Q l , corresponds to the energy losses under these circumstances. Thus, the energy conservation equation may be expressed as:
( 1) where A e is the effective area of the collector of flux radiation, I is the density of the radiant energy supplied to the collector, a is the absorptivity of the collector while t is the permeability of the glass in the collector. These parameters can be calculated readily if an appropriate collector is chosen. The quantity Q u is the energy accepted by the combined adsorbent bed. This is discussed below in the next section. The quantity Q l is the energy loss of the adsorbent bed collector and is usually sub-divided into two parts, viz. the top loss Q t and the back loss Q b . These two quantities may be calculated as:
( 2) (3) (4)
In the above equations, T m is the average temperature of the adsorbent bed collector and T a is the environmental temperature. The value of Q b is normally not greater than 10% of Q l , so Q b can be assumed to be constant. The top loss coefficient is calculated via the empirical equation for U t developed by Klein (1975) : (5) where (6) 
Of the items on the right-hand side of the above equation, the first is the available heat of both the metallic plate and the adsorbent mass; the second term is the available heat of the refrigerant liquid in the adsorbent before desorption; the third item is the heat of desorption; while the fourth item is the available heat of the refrigerant remaining in the adsorbent bed when desorbed.
The heat of desorption can be calculated from the following:
h d can be calculated from the Clausius-Clapeyron equation which may be written as:
while the adsorption capacity, x, can be obtained from the Dubinin-Raduskevich (D-R) equation as follows:
where x 0 is the adsorption capacity at T = T s and P = P s (T s is the saturation temperature at pressure P s ), T is the adsorption temperature, and k and n are the characteristic parameters for adsorption refrigeration. For this new flat plate hybrid device, Y.K activated carbon (made in Hainan Province, P.R. China) and methanol were chosen as the working pair, the values of the corresponding parameters being obtained experimentally as k = 13.289, n = 1.33 and x 0 = 0.238.
Energy recovered from the combined adsorbent bed
When the sunshine disappears in the evening, water valve 11 is open and the water in tank 12 flows into the combined adsorbent bed. This water conveys the available heat to the adsorbent bed via the water pipe distributed within the adsorbent bed. This causes the temperature of the water in tank 12 to rise with a corresponding decrease occurring in the temperature of the adsorbent in the combined adsorbent bed. The same process will occur during the adsorption process so that the heat of adsorption should be recovered well. Due to the utilization of cold water in the system, a strong cooling effect would thus be expected in the combined adsorption bed. For the periods when the adsorbent bed is cooling, let us assume that the mass of water in tank 12 is M wc and that the increase in temperature after cooling the adsorbent bed is Dt wc . The energy recovered from the available heat of the adsorbent bed can then be calculated as:
Of the terms on the right-hand side of this equation, the first is the available heat of the metallic plate and the adsorbent while the second is the available heat of the refrigerant in the adsorbent. For the adsorption process, let us assume that the mass of water in tank 12 is equal to M wa and that the increase in temperature after the adsorption process is Dt wa . The energy recovered from the adsorption heat can then be calculated as: (14) with H a being calculated from equation (10).
Refrigeration capacity
The desorbed refrigerant is condensed in the condenser and flows to the evaporator. When the adsorbent bed pressure is lower than the evaporation pressure, the refrigerant liquid in the evaporator will evaporate and cause the refrigeration effect. However, some of this heat is used to cool down the refrigerant to the evaporation temperature. The refrigeration effect can be expressed as:
(15) (16)
In above equations, L e is the latent heat of vaporization, x conc is the adsorption capacity before desorption and x dil is the adsorption capacity after desorption, M a is the mass of the adsorbent and C pl is the specific heat of the refrigerant.
Refrigeration and heating efficiency
To analyze the refrigeration effect of the flat plate solar hybrid system, it is necessary to define the refrigeration cycle performance efficiency, COP cycle , and the solar performance efficiency, COP solar . These may be defined as: 
An Effective Flat Plate Solar Heating and Cooling Hybrid System
Besides the above-mentioned refrigeration efficiency, two kinds of heating efficiency should also be taken into account in the flat plate solar hybrid system. For the cooling process, the heating efficiency may be defined as h c , i.e. the recovered energy from the combined adsorbent bed as given by equation (13) divided by the total radiant energy. Hence, it can be written as: (19) For the adsorption process, the heating efficiency is assumed to be h a , i.e. energy recovered from the adsorption heat as given in equation (14) divided by the total radiant energy. It can therefore be written as:
(20)
EXPERIMENTS AND SIMULATION RESULTS
In order to realize our idea and to further improve and perfect the mechanism of the solar flat plate hybrid system, a prototype device was built in which an activated carbon-methanol combination was used as the solid adsorption working pair while a quartz lamp was employed to simulate solar radiation. The total surface area collecting solar radiation was 1.0 m 2 while the mass of activated carbon used was 20 kg. A photograph of the experimental device is shown in Figure 4 . Typical experimental results are listed in Table 1 . This table includes values of parameters that can determine the characteristics of this new hybrid system, such as COP solar , the ice mass, the heating efficiency, as well as the temperature increase of the water during the cooling and adsorption processes. FORTRAN computer language was employed to construct a simulation program incorporating equations (1) to (20) above which could be verified experimentally. This allowed some simulation results for different collector areas under real solar flux conditions to be determined, the corresponding values being listed in Table 2 . Table 3 provides a comparison between the data for the flat plate hybrid system and our previous hybrid system (Wang et al. 2000) in which vacuum tubes were used to heat the water and the adsorbent bed was immersed in a water tank. In order to understand the energy balance for this new hybrid system device, Table 4 provides the energy ratio proportion results obtained with the help of the simulated model. From this table, it can be seen that the solar collector efficiency consisted of two parts, i.e. the heating efficiency in the cooling process and the heating efficiency during the adsorption, with the total heating efficiency being the sum of these quantities: h heating = h c + h a = 0.349. The refrigeration efficiency is COP solar = 0.097, thus making the global cogeneration efficiency (i.e. heat + cold), h total , equal to h heating + COP solar = 0.446. This indicates that the utilization of energy in solar refrigeration was quite reasonable.
From experimental studies, simulation and comparison between the two different hybrid systems, the following useful conclusions may be reached about the solar flat plate hybrid system:
1. The temperature of the adsorbent in the solar flat plate hybrid system attained that necessary for desorption quite easily, in contrast to the situation described with the solar hybrid system described by us previously (Wang et al. 2000) . This new flat plate heating and cooling hybrid system exhibited a refrigeration effect, with the available heat from the adsorbent bed and the adsorption heat being readily removed by a collector immersed within the adsorbent layer. The solar flat plate hybrid system also exhibited good heat-transfer effects during both desorption and adsorption processes. 2. Placing the solar collector in the adsorbent bed eliminated the need for dampers in the latter.
The operating conditions were very simple with valves only needing to be opened several times during the whole running process. This allowed the solar adsorbent bed to be operated as a compact and hermetically sealed unit when receiving solar radiation, thereby allowing the adsorbent to reach the desorption temperature rapidly with ready desorption of the refrigerant. This led to an obvious improvement in the efficiency of the solid adsorption refrigeration process. 3. Two different aims can be achieved by using the flat plate hybrid system. The first is to provide ice during the day, and the second to provide hot water in the night. This single device allows both objectives to be achieved and could, thereby, speed up the application of solar cooling and heating. 4. A traditional solar water collector was used in solar adsorption refrigeration principally to take away the available heat from the adsorbent bed together with the adsorption heat. Both amounts of heat could be recovered to heat the water in the tank for use, thereby providing a new route for utilizing solar energy effectively. 5. Although the device was designed solely for solar energy utilization, it can be applied to many energy-saving fields such as waste heat recovery in industry, the utilization of air conditioning driven by automobile exhaust gas, etc. Such synthetic energy utilization could provide an efficient way for sustainable development.
CONCLUSIONS
A new solar flat plate solar heating and cooling hybrid system was proposed, the new idea being supported by the construction of an experimental prototype. Experiments showed that the function and performance of the new hybrid system met initial expectations. Furthermore, the optimal design of the subsystem comprising a combined adsorbent bed, condenser and evaporator allowed the optimal values of COP solar , h c and h a to be achieved. Further experimental work involving real solar radiation is being undertaken at present. The calculation of heat and mass transfer for the flat plate hybrid system under these conditions will be presented in forthcoming articles. This new hybrid system should provide highly efficiency energy conversion and hence provide a good means of utilizing solar energy.
x 0 adsorption capacity at a saturated pressure P s corresponding to T s (kg/kg) Dx difference in adsorption capacity between the adsorption and desorption phases, i.e. Dx = x concx dil (kg/kg)
Greek letters a absorbability t permeability h c , h a solar heating efficiency
